1. Temporal variation in the spatial aggregation of the freshwater bivalve Elliptio complanata was studied at a sandy site in an oligotrophic lake over three years. 2. Epibenthic populations varied in aggregation over the season bringing animals closer together during spawning. The complex link between movements of mussels and aggregation dynamics suggested a functional reproductive role for horizontal locomotion of unionid mussels in lentic systems. 3. The rate of locomotion did not differ systematically among males, females or hermaphrodites, and was independent of gravidity, whether compared during spawning, after spawning or throughout the ice-free season. 4. In spite of the high reproductive output of mussels and the energetic cost of locomotion, no relationship was found between the rate of movement of spawning gravid mussels and reproductive output.
Introduction
The ecology of native North American freshwater mussels has recently gained importance due to a growing concern for the loss of species and the decline of many populations (Keller & Zam, 1991; Allan & Flecker, 1993; Williams et al., 1993) . This deterioration has been linked to anthropogenic activities such as industrial pollution, agricultural activities and channel modification (Williams et al., 1993) , as well as impacts of exotic species [e. g. Dreissena polymorpha (Pallas 1771); Ricciardi, Whoriskey & Rasmussen, 1996; Schloesser, Nalepa & Mackie, 1996] . Some species may even reach extinction before we gain a thorough understanding of factors affecting their populations (Bogan, 1993) .
The basic life cycles of freshwater bivalves have been well known for nearly a century (Lefevre & Curtis, 1910; Coker et al., 1921; Negus, 1966; Haukioja & Hakala, 1978) . The Unionidae of the temperate zone reproduce annually (Ellis, 1978) and most have highly specialised life histories (Jones, Simpson & Humphrey, populations, so that fertilisation failure is often complete when local density is Ͻ 10 mussels m -2 (Downing et al., 1993) . Male and female mussels must therefore be relatively close in order to achieve successful fertilisation.
Like most native freshwater mussels, E. complanata moves both horizontally over the sediment, and vertically in and out of it. The function of mussel locomotion remains unclear, and studies examining locomotion in freshwater mussels have focused on the burrowing mechanism (Trueman, 1968) . Horizontal locomotion, in particular, has been studied little. Recent evidence shows, however, that horizontal locomotion in E. complanata is minimal in both streams (Balfour & Smock, 1995) and lakes (Amyot & Downing, 1997) . Furthermore, locomotion in this mussel, unlike many poïkilotherms, is little influenced by water temperature but strongly related to daylength, at least in a lentic environment (Amyot & Downing, 1997) . Amyot & Downing (1997) have suggested that this correlation hints at a behavioural rather than a physiological origin for seasonal variations in locomotion. The coincidence of periods of greatest displacement with the breeding season suggests that seasonal locomotion may have a reproductive function.
From a bioenergetic point of view, because of the energy cost associated with bivalve displacement (Trueman, 1983) , the rate of displacement of females may be less than that of males. Such a strategy during the spawning period would enable females to conserve energy, allowing greater production of embryos, which is much more costly than producing sperm (RussellHunter, 1979) .
The hypothesis that the spatial dynamics of freshwater mussels might serve to enhance reproduction has not been examined explicitly in the literature. Such a study might greatly improve our knowledge of mechanisms governing the reproduction and viability of unionids. This knowledge is critical to the understanding of the basic life-history strategy of endangered freshwater bivalves.
The goal of our study was to examine the horizontal movement of members of a lentic population of the freshwater mussel Elliptio complanata as a process that could generate temporal aggregation dynamics, bringing male and female mussels closer together during spawning, and spacing them further apart during the rest of the year. We postulate (i) that spatial aggregation is seasonally dynamic in an epibenthic © 1998 Blackwell Science Ltd, Freshwater Biology, 39, 351-358 population of Elliptio complanata; (ii) that aggregation is most marked during spawning; (iii) that aggregation dynamics are linked with horizontal movements of mussels; (iv) that males move farther than females prior to spawning; (v) that both sexes have similar patterns of locomotion during the nonspawning period and (vi) that extreme movements of gravid mussels leads to decreased reproductive output.
Materials and Methods
Experiments were conducted in the sandy littoral zone of Lac de l'Achigan (45°57Ј N, 73°58Ј W), 60 km north of Montréal, Canada. This lake (area, 5.08 km 2 ) has a mean depth of 11.6 m, but the north shore is composed of gently sloping, sand beaches. Elliptio complanata is the most abundant mussel in the lake with local densities reaching 70 m -2 (Downing et al., 1989) . We studied a population of E. complanata within a 5 ϫ 8 m area at depths ranging from 1.5 to 2 m. The site appeared homogeneously sandy with no trace of predation on mussels. Each mussel was labelled underwater using SCUBA equipment in order to minimise perturbation. Mussels were marked by attaching a numbered plastic label (Dymo™) to the posterior face of one valve with underwater glue (Devcon Wet Surface Repair Putty™) delivered using a disposable syringe. Disturbance was minimal because animals were only touched gently during labelling.
Measures of mussels positions
The positions of marked individuals were measured over nearly 3 years in the same quadrat. On each sampling date, the relative position of each mussel was measured using rulers attached to stakes marking the corners of 1-m 2 quadrats. Since only quadrat corners were marked, movement of mussels across the study area was unrestricted. These geometric data were transformed to x-y co-ordinates by triangulation. Mussel positions, when compared between weeks, allowed the measurement of spatial aggregation as well as the distances each animal travelled, and the frequency of their movements throughout the icefree season. The determination and measurement of locomotion are described elsewhere (Amyot & Downing, 1997) . In total, 781 individuals of E. complanata were marked over the course of the experiment, but since some mussels situated near the edges of the site left the study area, some endobenthic juveniles became epibenthic and a few others died during the experiment, we limited the sample used in the analysis of locomotion to 527 individuals that were marked at the start and could be followed to the end of the study. Mussels were considered to be epibenthic if they protruded visibly from the sediment surface and endobenthic when completely buried, leaving a small depression at the surface. Disruption of mussels was avoided during position measurement by using a mobile support (5.5 ϫ 1 m) made from 10-cm diameter ABS-plastic pipes to keep divers at a distance of 40 cm above the sediment surface.
We recorded the position of E. complanata individuals weekly during the summer season and twice each month during spring and autumn. No observations were made during winter because of ice cover. Field works were performed during July-November 1988, May-November 1989 and May-June 1990. Field works ended on 25 June 1990, while female mussels still held maturing glochidia. This was ascertained by periodic sampling of adjacent mussels and visual inspection of the marsupial gills to estimate the maturity of larvae. Then, all epibenthic individuals were removed and brought to the laboratory. Each marked mussel was sealed underwater in an individual plastic bag to avoid loss of glochidia by spontaneous abortion (Lefevre & Curtis, 1910; Matteson, 1948) . We also sieved the sediment of all quadrats to a depth of 30 cm to collect all marked and unmarked endobenthic mussels. Only ten (1.3%) marked individuals were found buried, leaving 8.9% of the initially marked population that had either died or emigrated.
Measure of aggregation
The local population density at the sediment surface fluctuated in response to seasonal vertical migration cycles (Amyot & Downing, 1991 , 1997 . Therefore, the distance to the nearest neighbour (Clark & Evans, 1954) was chosen as an efficient (Pielou, 1977) descriptor of spatial patterns of mussel populations. The distance to nearest neighbour yields a coefficient of randomness (R). The x-y position of all epibenthic mussels was used to calculate the mean distance to nearest neighbours for each sampling date. The mean distance to nearest neighbours that would be expected if the individuals of that population were randomly distributed was also calculated. The ratio of observed mean distance to expected mean distance yielded the coefficient R, measuring the degree to which the observed distribution departs from random expectation:
where r represents the mean distance to nearest neighbours in the observed population, and E(r), a derivation of Poisson's exponential function (see Clark & Evans, 1954) , represents the mean distance to nearest neighbour of a randomly distributed population; ρ is the density of the observed distribution expressed as the number of individuals per unit area. A population can be considered aggregated when the index R is significantly less than 1. Clark & Evans (1954) provide a formula for estimating the error associated with R:
where C is the standard variate of the normal curve and σ E(r) an integration of the product of the probability distribution function r by r 2 (see Clark & Evans, 1954) , represents the standard error of the mean distance to nearest neighbour in a randomly distributed population of the same density as the observed population. Significant differences from randomness of each R-value obtained were ascertained using this method.
As R is sensitive to sampling boundary effects, mussels living in a narrow strip along the edge of the sampling area were only used as 'neighbours' in the analysis to avoid systematic overestimates of R. The width of the strip was proportional to the observed mean distance to nearest neighbour (Pielou, 1977) .
Time of spawning
According to Matteson (1948) , the breeding time of E. complanata in Ocqueoc Lake in Michigan extends from the end of April to mid-June, reaching a maximum around mid-May. The spawning maximum coincides with the period when water temperatures reach 20°C. The maturation of larvae takes roughly four weeks after spawning. In Lac de l'Achigan, ice melts and water temperature reaches 20°C approximately 2 weeks later than in Ocqueoc Lake. Environmental conditions may vary from year to year, but based on our examination of maturing glochidia, spawning of E. complanata must have begun in early May in Lac de l'Achigan, reaching a peak at the end of May but continuing to the end of June.
Mussel characteristics
Shell size, sex and reproductive output of all epibenthic individuals followed throughout this study were determined at the end of the field study. Shell length was measured using a digital caliper (Ϯ 0.01 mm). As Elliptio complanata is not sexually dimorphic, sex determination required removal and histological examination of the gonads. The gonadal mass of each mussel was preserved in 80% ethanol. Transverse sections of gonadal tissues were stained and observed under a microscope following the protocol of Heard (1975) . Because some individuals can be hermaphroditic (Heard, 1975) , sex was separated into five categories: Ͻ 10%, 10-40%, 40-60%, 60-90% and Ͼ 90% male tissue, following Downing et al. (1989) .
Reproductive output was estimated as the number of glochidia or eggs present in the outer gills of each gravid female. This was determined by sectioning and putting the gills of each gravid mussel in a 1-L glass container. The 100 µm filtered contents of the sampling bag were added to collect any eggs or glochidia that may have been released by spontaneous abortion during transportation, and the glass container was filled to 800 mL with 80% ethanol. This solution was mixed briefly at moderate speed using a domestic electric beater to break gill structures and liberate the larvae. Reproductive output was estimated by counting the larvae in four 1-mL subsamples at 40ϫ magnification.
Statistical analysis
Correlation analysis (Pearson's r) was used to test the relationship between (i) the level of aggregation and time; (ii) aggregation dynamics and the rate of horizontal locomotion of mussels (estimated as the daily average distance travelled by epibenthic mussels) and (iii) the movement of gravid females and their reproductive output. Comparison of locomotion among sexes considered two aspects: (i) total number of movements of each epibenthic mussel during a given period and (ii) the cumulative distance travelled (cm) by each epibenthic mussel. We compared the level of aggregation inside and outside the spawning period © 1998 Blackwell Science Ltd, Freshwater Biology, 39, 351-358 Fig. 1 Seasonal variation of the aggregation (R: coefficient of randomness) for an epibenthic population of Elliptio complanata. Open circles (s) represent the values of R that were not significantly different from randomness. The trend line was determined using locally weighted sequential smoothing (LOWESS: Cleveland, 1979) . The vertical broken line indicates the time at which spawning probably ceased. using one-way anova. Error distributions of variables were satisfactorily close to normal (Wilk-Shapiro normality statistic Ͼ 0.93), except for sex categories (WilkShapiro ϭ 0.66) for which a Kruskal-Wallis one-way ANOVA was used to test for differences in locomotion.
Results

Seasonal aggregation dynamics
The analysis of nearest neighbour distances revealed that epibenthic mussels were frequently spatially aggregated in Lac de l'Achigan (Fig. 1) . More than 75% of the estimates of R showed a distribution significantly different from random (P Ͻ 0.05, C-test). Populations became very aggregated around the end of May, the expected time of maximum spawning in this lake. Following spawning (vertical line in Fig. 1) , aggregation declined and R increased systematically with time (r ϭ 0.529, P ϭ 0.0005), indicating clear seasonal dynamics in distribution. Moreover, comparison of the level of aggregation during spawning (mean R ϭ 0.9184, SD ϭ 0.0246) with that post-spawning (mean R ϭ 0.9497, SD ϭ 0.0219) showed that mussels were significantly more aggregated during spawning (P ϭ 0.0003, one-way ANOVA). Because E. complanata migrated vertically, depending on season and temperature (Amyot & Downing, 1991) , between 4 and 76% of the population remains completely buried beneath sediment surface. When endo-and epibenthic mussels were considered together (as if sediments were transparent) no correlation (P ϭ 0.127) was found between aggregation and season. This can also be seen in Fig. 2 by the small range of variation of R-values for the complete population compared with the epibenthic population. Thus, members of the population that can reproduce, (i.e. epibenthic mussels), were significantly closer to each other than they were throughout the rest of the year.
Aggregation dynamics and horizontal movement
A strong positive relationship was found between the rate of locomotion and day length (see Amyot & Downing, 1997) . Elliptio complanata moves more frequently and further during periods of longest daylight. Fig. 3 shows the degree of spatial aggregation (black circles) and the average distance travelled daily by epibenthic mussels (open circles) in all three years. Aggregation and horizontal locomotion were significantly, negatively correlated (r ϭ -0.43, P ϭ 0.007). In spring, the epibenthic population began moving in mid-May and accelerated until July. Then, even though © 1998 Blackwell Science Ltd, Freshwater Biology, 39, 351-358 Fig. 3 Comparison of seasonal patterns of aggregation (d) and mean daily distance travelled by epibenthic mussels (s). The solid curves represent LOWESS (Cleveland, 1979) fits to the data of each category.
there was no corresponding change in water temperature, the rate of movement decreased rapidly. During the period when locomotion declined, the spatial distribution of the epibenthic mussels changed from highly significantly aggregated to a spatial distribution approaching randomness. Movement then continued to decrease throughout the ice-free season.
Sex, reproduction and locomotion
Other studies have shown that the Lac de l'Achigan population shows a significant degree of hermaphroditism (Downing et al., 1989) . The population was biased towards males, having an overall male-female ratio around 1.5:1 (Table 1) . Males, females and hermaphrodites had similar rates of locomotion during spawning, after spawning and over the entire ice-free period (Kruskal-Wallis one-way ANOVA; P Ͼ 0.05) ( Table 2 ). Simple correlation analysis showed no significant relationship between the number of glochidia found in each gravid mussel and locomotion from their last spawning period (May-June 1990) (Fig. 4) .
Discussion
Reproduction in unionid molluscs is complex. The life cycle of freshwater mussels includes a glochidia larva, parasitic on fish, which is highly vulnerable since only a very small proportion of the glochidia are capable of attaching themselves to the fish (Jokela, Valtonen Table 2 Comparison of the rate of movement of each sexual category of mussels for the mean total displacement during 1988, 1989, 1990 combined and the mean total distances travelled (cm) by epibenthic mussels; n ϭ 527 & Lappalainen, 1991), and because many juvenile mussels do not find a suitable substratum for continued growth (Negus, 1966) . Another factor reducing recruitment success is the spatial distribution of mature © 1998 Blackwell Science Ltd, Freshwater Biology, 39, 351-358 individuals. For example, Downing et al. (1993) clearly demonstrated that fertilization success was strongly linked to the spatial aggregation of a population of E. complanata and pointed out that the spatial dynamics of mussel populations makes perception of this phenomenon difficult. Elliptio complanata moves horizontally and vertically in both lotic (Balfour & Smock, 1995) and lentic habitats (Amyot & Downing, 1997) following a seasonal cycle. Downward movements may be useful against predation (Negus, 1966) , displacement during high flow (Hinch, Kelly & Green, 1989) and wave action during storms, or they may provide shelter during adverse conditions such as periodic pond dryness (Mackie, White & Zdeba, 1980) . The utility of downward migration during mid-summer remains obscure. Although some have suggested that horizontal displacement may offset possible downstream displacement in lotic populations (Balfour & Smock, 1995) , or aid in locating suitable conditions after being dislodged (Trueman, 1968) . Until now, other possible functions of horizontal movement have been little studied.
We know of no other study that has suggested a possible reproductive role for locomotion and spatial dynamics in freshwater mussels. Although some have Table 3 Level of spatial aggregation represented by R (coefficient of randomness) for epibenthic mussels, male, female, and the entire epibenthic population during the spawning time. shown a coincidence of mussel activity with water temperature (Matteson, 1948; Jørgensen, Larsen & Riisgård, 1990) , or photoperiod (Imlay, 1968) , our data indicate that locomotion and spatial dynamics may be behaviourally related to reproduction, bringing mussels closer together during the spawning season. Further, because epibenthic males or females, taken separately, were always less aggregated during the breeding period than the population as a whole (males and females combined), it is likely that spring locomotion brings opposite sexes closer together (Table 3) . To our knowledge, this is the first evidence of a functional role for horizontal locomotion in lentic unionids. We can only speculate about how mussels aggregate during the spawning season. According to Nelson & Allison (1940) , spermatozoa of some marine bivalves carry a hormone which, when present in the inhalant water stream of a female, induces an increased rate of pumping of water by the ctenidia, after which ovulation commences. The presence of such biochemical reproduction mediators in freshwater bivalve proximity might explain how mussels locate mates. In marine environments, photosensory structures of varying degrees of complexity have been reported in bivalves, some capable of perceiving movement (Wilbur & Yonge, 1966) .
R
According to Russell-Hunter (1979) , egg production may require Ͼ 50% of the energy available per year for growth whereas production of sperm may amount to only about 1% of the bioenergetic (as turnover of carbon and nitrogen in growth and reproduction) of males. The fact that locomotion has no perceptible impact on reproduction is therefore puzzling. In theory, energy allocation to locomotion should differ between males and gravid female mussels during the spawning season. Thus, in an evolutionary perspective, gravid female mussels should spend less energy on locomotion compared to males unless reproduction or locomotion are not energetically costly.
